Arabidopsis Cor15am is a late embryogenesis abundant (LEA) related protein that has been shown to exhibit cryoprotective activity in vitro. In this study, we further investigated the mechanisms by which Cor15am protects substrates from inactivation. Although Cor15-am did not exhibit refolding activity, it showed protective activity against various stresses in vitro. This might be attributable to the activity of Cor15am in attenuating the aggregation of the substrates. Our data indicate that Cor15am functions as a protectant against various stresses by preventing protein aggregation.
Plants increase their levels of freezing tolerance when they are exposed to non-freezing temperatures for certain durations. 1) This process is known as cold acclimation, and it appears to involve an alteration of gene expression.
2) Some of the candidate genes encode highly hydrophilic polypeptides, such as late embryogenesis abundant (LEA) proteins. 3, 4) A number of studies have found that LEA proteins have various protective activities against enzymes 5, 6) and biological membranes, 7) but the precise function of LEA-related proteins remains an open question. 8, 9) Cor15am is a LEA-related protein in Arabidopsis thaliana whose expression is strongly induced during cold acclimation. 10) It is encoded by a cold-regulated gene, COR15A, as the precursor, and is targeted to the chloroplast stroma. 11, 12) We have found that recombinant Cor15am exhibits the in vitro cryoprotective activity of a freeze labile enzyme, L-lactic dehydrogenase. 12) This activity of Cor15am is in part attributable to the direct association of Cor15am with its substrates, but the mechanism by which Cor15am protects enzymes from inactivation remains unclear. Hence we further evaluated the protective activity of recombinant Cor15-am in vitro.
First we examined the refolding activity of Cor15am using firefly luciferase as a substrate. 13) Luciferase (1 mM) was diluted (1:40) in either 0.1 mg/ml Cor15am or 0.1 mg/ml BSA, and completely denatured at 42 C for 10 min. Then an equal volume of Cor15am or BSA solution was further added into the denatured enzyme mixtures, and the refolding reaction was started at 30 C in presence of 2.5 mM ATP. As shown in Fig. 1 , Cor15am did not refold denatured luciferase. This result can be explained by the lack of an ATP binding domain in the primary structure of Cor15am.
Next we examined whether Cor15am has co-chaperone like activity. To this end, we tested whether Cor15am promotes the refolding of denatured proteins by reticulocyte lysate, as has been observed for small HSPs. 13) After denaturation of luciferase, an equal volume of reticulosyte lysate and 2.5 mM ATP was added to the enzyme solution to start the refolding reaction. Compared to the control reaction, which was done in presence of BSA, Cor15am did not facilitate the refolding reaction (Fig. 1) . Hence we concluded that Cor15am does not have either chaperone or co-chaperone activities.
The inability of Cor15am to refold denatured protein implies that the Cor15am attenuates enzyme inactivation. Hence we examined the effects of Cor15am on prolonged storage of enzymes. Since lactate dehydrogenase (LDH) appeared to lose its activity during prolonged storage on ice ( Fig. 2A) , we chose LDH as the substrate. LDH (12.5 mg/ml) was mixed with an equal volume of buffer containing 40 mg/ml of sucrose, BSA, or Cor15am and then incubated on ice for the specified time, and the activity was measured as described previously. 12, 14) In the absence of protectant, LDH lost its activity gradually and had only 20% of its initial activity after 24 h ( Fig. 2A) . Sucrose did not exhibit any protective activity with respect to LDH ( Fig. 2A) . In sharp contrast, LDH activity remained unaffected after 24 h of ice incubation in presence of Cor15am and of BSA ( Fig. 2A) . These results indicate that Cor15am protects LDH from gradual inactivation on ice.
Next we examined the role of Cor15am as a y To whom correspondence should be addressed. Fax: +81-19-621-6200; E-mail: tinaba@iwate-u.ac.jp protective agent in other stress treatments. It is well known that highly hydrophilic proteins protect enzymatic activity from dehydration stress. 5) Indeed, the expression of COR15A appears to be induced by a combination of drought and heat stress. 15) This raises the possibility that Cor15am exhibits similar activity. LDH solutions (6.25 mg/ml) containing a variety of protectants (20 mg/ml) were dehydrated to 70% or 99%, and then rehydrated to the original volume. LDH activity was significantly impaired after 70% dehydration, and completely abolished after 99% dehydration in the buffer and in sucrose solutions (Fig. 2B) , but in the presence of BSA or Cor15am, LDH activity was retained at 50% of its initial activity even after a water loss of 99% (Fig. 2B) . Of particular interest, Cor15am exhibited significantly higher protective activity than BSA. When 99% dehydrated samples were kept for 24 h and then rehydrated, the sample containing Cor15am still exhibited 30% of its initial activity. These data indicate that Cor15am has the ability to protect enzymatic activity from inactivation during dehydration stress.
We also examined the effects of Cor15am on enzyme activity during heat stress. When 6.25 mg/ml of LDH was incubated at 43 C, LDH activity gradually decreased (Fig. 2C) . A similar decrease was observed when LDH was heated in the presence of 20 mg/ml sucrose solution (Fig. 2C) . However, in presence of 20 mg/ml Cor15am, the inactivation of LDH was significantly attenuated. The ability of Cor15am to protect LDH from heat inactivation was as good as that of 20 mg/ml BSA (Fig. 2C) . Taken together, these results indicate that Cor15am can protect its in vitro substrate, LDH, from inactivation under various stress conditions.
The ability of Cor15am to protect LDH from inactivation led us to investigate further the mechanistic basis of Cor15am activity. A recent paper indicated that a LEA protein isolated from the nematode prevents the aggregation of proteins both in vitro and in vivo. 6, 16) Hence, we examined to determine whether Cor15am would protect protein aggregation during dehydration stress. LDH solutions (6.25 mg/ml) were dehydrated in the presence and the absence of 20 mg/ml Cor15am, rehydrated, and then fractionated into pellet and soluble A, LDH solutions were kept on ice in the presence of sucrose, BSA, and recombinant Cor15am (20 mg/ml each). A small aliquot was taken at each of several time points, and LDH activity was measured. LDH activity before the treatment was defined as 100. B, LDH solutions were either 70% or 99% dehydrated using a speed-vac centrifuge. The samples were then rehydrated to the original volume with water, and LDH activity was measured. Relative activity was as described in panel A. C, LDH solutions were incubated at 43 C for the specified times. After incubation, LDH activity was measured. Relative activity was as described in panel A. fractions by centrifugation. When the LDH solution without Cor15am was dehydrated, most of the proteins were precipitated and recovered in the pellet fraction (Fig. 3A) . However, in the presence of Cor15am, a significant amount of LDH was recovered in the soluble fraction (Fig. 3A) , indicating that Cor15am protects LDH from aggregation during dehydration stress.
To confirm further that Cor15am can also attenuate the aggregation of chloroplast stromal proteins under dehydration stress, we proceeded to carry out similar experiments using stroma isolated from wild-type Arabidopsis grown under normal conditions. Stromal proteins (40 mg/ml) were dehydrated in the presence and the absence of 100 mg/ml Cor15am, and then restored to the initial volume with water. Under this condition, the molar ratio of Cor15am to stromal proteome (assuming, average Mr of 50,000) was approximately the same as that of Cor15am to LDH in other experiments. After rehydration, the samples were separated into soluble and insoluble fractions by centrifugation and analyzed by immunoblotting. Since ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) has been identified as a potential substrate for Cor15am in the chloroplast stroma, 12) we examined the distribution of large (LSU) and small (SSU) subunits of RubisCO in these fractions. As shown in Fig. 3B , in absence of Cor15am, a significant amount of RubisCO appeared in the pellet fraction, while in the presence of Cor15am the majority of LSU and SSU proteins remained in the soluble fraction. These results indicate that the addition of Cor15am prevents the aggregation of RubisCO.
Taken together, these data confirm that Cor15am protects stromal proteins from aggregation under various stress conditions and maintains the integrity of chloroplasts. Although the functions of LEA proteins have been under examination for years, 8) it appears that one of the main functions is to attenuate protein aggregation under abiotic stress. Further investigation of LEA-type proteins should provide insight into the molecular mechanism by which plants protect themselves from abiotic stresses. A, LDH solutions were 99% dehydrated using a speed-vac centrifuge in the presence and the absence of recombinant Cor15am. The samples were then rehydrated to the original volume with water and fractionated into soluble (S) and insoluble (P) fractions by centrifugation. B, Stromal extracts were 99% dehydrated using a speed-vac centrifuge in the presence and the absence of recombinant Cor15am. The samples were then rehydrated to the original volume with water, fractionated into soluble (S) and insoluble (P) fractions by centrifugation, and analyzed by immunoblotting. LSU, large subunit of Rubisco; SSU, small subunit of Rubisco.
